The role of hydrogen in hydrogen embrittlement, stress corrosion cracking and hydrogen induced cracking has been largely determined. The hydrogen cracking problem in metallurgical fields has been studied for many years. In spite of that, it is still not possible to explain exactly how the presence of hydrogen within the metal structure leads to hydrogen embrittlement and crack formation. Hydrogen-enhanced localized plasticity (HELP) is an acceptable mechanism of hydrogen embrittlement and hydrogen-induced cracking in materials. In the present work, a finite element analysis is implemented to estimate the large deformation elasto-plastic behavior of the material in conjunction with the hydrogen diffusion analysis results. Hydrogen is highly mobile and can diffuse through the crystal lattice dissolving into its interstitial sites. It is necessary to assume the model which can describe the hydrogen diffusivity near the blunting crack tip as well as the large deformation phenomena. Finite element analysis is here employed to solve the coupled boundary-value problem of large strain elasto-plasticity and equilibrium hydrogen distributions ahead of a blunting crack tip by taking into consideration the effect of hydrogen on local flow stress.
Introduction
The role of hydrogen in hydrogen embrittlement, stress corrosion cracking and hydrogen induced cracking has been largely determined. Although the hydrogen cracking problem has been studied for many years, the practical recommendations of avoiding hydrogen cracking up until now are based on empirical knowledge. This situation is caused by the absence of generally accepted theory about hydrogen embrittlement mechanism. Recently, several mechanisms have been proposed by different researchers. Among these suggestions, three mechanisms appear to be viable; stress induced hydride formation and cleavage (1) (2) (3) , hydrogen induced decohesion (4, 5) and hydrogen enhanced localized plasticity (HELP) (6) (7) (8) (9) (10) . According to the HELP theory, the presence of hydrogen in a solid solution increases the dislocation motion, thereby increasing the amount of plastic deformation that occurs in a localized region adjacent to the fracture zone. A possible way by which the HELP mechanism can bring about macroscopic material failure is through hydrogen-induced cracking. The fracture and fatigue behavior of a cracked plate under external load depends upon the stress and strain in the vicinity of the crack tip. Crack tip phenomena in hydrogen-induced cracking e.g. hydrogen concentrations are often based upon the known details of the crack tip elasto-plastic state.
Sofronis and McMeeking (11) proposed a finite element model to show the effect of hydrostatic stress and trapping phenomenon on hydrogen distribution in plastically deformed steels. Based on their model, Krom et al. (12) suggested a formulation to provide the hydrogen balance by considering a strain rate factor in the hydrogen transport equation. Kanayama et al. (13) used a different finite element scheme from Krom et al. (12) and applied the Galerkin method in a 3D simulation in order to reconstruct the Sofronis and McMeeking's model (11) . Taha and Sofronis (14) reviewed the progress in analyzing the material mechanical behavior at a crack tip or a rounded notch with that of hydrogen diffusion.
The underlying principle in the HELP mechanism is the shielding of the elastic interactions between dislocations and obstacles by the hydrogen solutes (8, 10, 15) . This interaction enhances the dislocation mobility (16, 17) and thereby inducing material softening at the microscale (8) . The detailed mechanism of shear localization and fracture in bulk due to enhanced dislocation mobility is still unclear. Sofronis et al. (18) proposed a model to provide a theoretical explanation for the onset of the shear localization in the presence of hydrogen from a solid mechanics point of view. They modeled the hydrogen effect on material deformation through the hydrogen induced volume dilatation and the reduction in the local flow stress upon hydrogen dissolution into the lattice. Following this work Liang et al. (19) had an effort to understand how hydrogen-induced softening and lattice dilatation at the microscale can lead to macroscopic i) shear localization (shear banding bifurcation) or ii) necking bifurcation. Kotake et al. (20) performed a hydrogen diffusion-elastoplastic coupling analysis near a 2D blunting crack tip. According to their research, in the cyclic loading, the hydrogen concentration near the crack tip depends greatly on the loading frequency.
Following Kotake et al. (20) , we implement a coupled hydrogen diffusion-elastoplastic analysis including the effect of hydrogen on material softening in microscale to investigate the effect of loading time on hydrogen diffusion near the blunting crack tip in a 3D model. The plan of the paper is as follows: section 2 describes the large strain elasto-plastic formulation and hydrogen transport equation. Section 3 introduces the considered local flow stress to assume the effect of hydrogen on material microscale softening. Section 4 descries the fully coupled analysis procedure, section 5 explains the model, boundary conditions and material properties. Finally, section 6 summarizes the effects of hydrogen and loading time on the crack-tip phenomena e.g. hydrogen concentration and elasto-plastic state.
Formulation

2-1 Large strain elsato-plastic formulation
A concise formulation of equilibrium can be expressed by the principle of virtual work as Eq. (1).
where ij S is the second Piola-Kirchhoff stress, ij E is the Green-Lagrange strain, i η is the virtual displacement, and viscoelastic fluids, and elasto-plastic and viscoplastic solids, the constitutive equations usually supply an expression for the rate of stress in terms of deformation rate, stress, deformation, and sometimes other (internal) material parameters. The relevant quantity for the constitutive equations is the rate of stress at a given material point. The rate of virtual work is readily found as Eq. (2):
where k υ is the deformation velocity and i X is the initial rectangular Cartesian co-ordinate.
We wish to use the updated Lagrangian formulation so that we now transform Eq. (2) to an equation referring to the current configuration. Keeping in view that the reference state is the current state, a rate formulation similar to Eq. (2) can be obtained by setting (21) .
The following is the well known expression (21) for the Truesdell rate of the Cauchy stress:
The Truesdell rate of the Cauchy stress is materially objective (frame indifferent). If a rigid body motion is imposed on the material, the Truesdell rate vanishes, whereas the usual material rate does not vanish. Constitutive variational statements of Eq. (4) is cited in the current paper and integrated by the backward Euler method in MSC.Marc software (22) . The constitutive equations can be formulated in terms of Truesdell rate of the Cauchy stress as
and
where J is the ratio of volume in the reference state to volume in the current state, F is the deformation tensor and mnpq D represents the material moduli tensor in the reference configuration which is convected to the current configuration with material moduli tensor ijkl L (detailed explanation for the elasto-plastic formulation is in the reference (23)).
2-2 Weak form of hydrogen transport equation
The diffusion formulation is based on Sofronis and McMeeking's paper (11) , which uses an equilibrium theory established by Oriani (24, 25) . Hydrogen moves through the material by normal interstitial lattice site (NILS) diffusion. Transported hydrogen is located either in NILS or in trap sites. The hydrogen concentrations in NILS and trap sites are described as follows respectively: According to Kumnick et al. (26) the trap site density only depends upon the plastic strain P ε . Based on Kumnick et al. (26) , Sofronis and McMeeking (11) and Krom et al. (12) used the following equation: (10) An expression of the hydrogen concentration in trap sites as a function of concentration in lattice sites was given by Oriani (24) under the assumption 
The final hydrogen transport equation was presented by Krom et al. (12) as A weak form of the diffusion formulation is
with Ω as a domain and
The time-implicit scheme for the advection diffusion equation presented in authors' previous work (13) is
Local flow stress
According to Birnbaum and Sofronis (8) , during the hydrogen embrittlement, materials become soften at microscale due to enhancing the dislocation mobility. Sofronis et al. (18) describe this softening through a local flow stress that decreases with increasing hydrogen concentration. It has been emphasized that local flow stress differs from the flow stress measured macroscopically (18, 19) . According to Birnbaum and Sofronis (8) , macroscopically measured flow stress may increase or decrease with hydrogen, depending on the magnitude of the local softening due to the removal of dislocation barriers. The model of local flow stress was proposed by Sofronis et al. (18) as 
where according to Kotake et al. (20) , ξ is the coupled effect parameter to represent the behavior of the yield stress due to hydrogen absorption.
The coupled effect parameter ξ is set to 0, -10000 and -20000 in order to get, respectively, 0%, 10% and 20% reduction in initial yield stress in the presence of hydrogen (see Eq. (16)). The local flow stresses are drawn against the equivalent plastic strain in the Fig. 1 at different values of the coupled effect parameter ξ .
Coupled analysis specifications
In the current study, a fully coupled analysis has been used to evaluate the hydrogen transport near a blunting crack tip by taking into consideration the effect of hydrogen on the material local softening as well as the effect of the structural analysis on hydrogen diffusion phenomena at the lattice and trap sites (see section 2 and 3). (16)). First increment of diffusion analysis is implemented by data transferring from the first increment of structural analysis. At the end of each increment of diffusion analysis, the yield stress is updated for the next step of structural analysis. 
Modeling, boundary conditions and material properties
The finite element analyses are employed to solve the boundary value problems of large strain elasto-plasticity in the vicinity of a blunting crack tip under mode I (tensile) opening and small scale yielding conditions. Small scale yielding refers to the situation where the plasticity is so localized at the crack tip that the elastic dominant singular solution holds at a remote distance from the yield zone (27) . Figure 3 shows the half-symmetry 3D geometry domain and the boundary conditions used for structural and diffusion analysis. As mentioned in this figure, a symmetry boundary conditions are applied on the crack plane y=0 while the displacements through the thickness are completely constrained (u z =0). The symmetry line 0 = θ is free of shear tractions and the displacements in the y direction are constrained (u y =0) while on the disc circumference, the displacements are known from the elastic solution, which is controlled by I K as Eqs. (18), (19) 
where I K is the stress intensity factor from the linear elastic crack solution. E and ν are, respectively, Young's modulus and Poisson ratio of the material and θ is the polar angle as shown in Fig. 3 The symmetry axis is isolated, i.e. the hydrogen flux is zero while on the disc circumference and the crack surface, the hydrogen concentration in lattice sites is prescribed. Figure 4 illustrates the finite element mesh used in MSC.Marc for structural analysis which consists of 3,706 nodes and 1,776 8-node hexahedral elements. This mesh is then converted to the mesh shown in Fig. 5 including 21 ,771 nodes and 10,656 tetrahedral 10-node elements which is suitable in our in-house hydrogen diffusion code. The material used in the simulation is the BCC impure iron whose mechanical material properties for structural analysis are given in Table 1. Table 2 summarizes the parameters which are used in hydrogen diffusion analysis.
Table1 Material properties of BCC impure iron (11, 12, 13) Young's modulus, E Table 2 Parameters of hydrogen diffusion analysis (11, 12, 13, 20) Lattice diffusivity, L D . As can be seen in this figure part (a) , decreasing the coupled effect parameter ξ (i.e. increasing the softening) decreases the yield stress (see also Fig. 1 ) thereby decreasing the amount of hydrostatic stress. Part (b) illustrates the effect of ξ on hydrogen concentration in NILS which is decreasing by increasing the softening. It can be explained by the fact that hydrogen diffusion in NILS greatly depends upon the gradient of the hydrostatic stress (11) which can be observed by considering part (a) and (b) of Fig. 6 . ) drawn against the normalized distance (X/b) from the crack tip in the undeformed configuration. While increasing the softening decreases the yield stress and consequently the hydrostatic stress, the equivalent plastic strain increases; therefore, according to Eq. (10), the trap site density is increased which leads to increasing the concentration of hydrogen in traps (see Eq. (9)). The results of lattice and trap site concentrations are in a good agreement with the similar work of Kotake et al. (20) . , at the end of the total loading time of 100 seconds with the step of 0.5 s. The region of high hydrogen concentration in trap sites is very small compared with the region in which the hydrogen concentration in NILS is distributed. The region with high hydrogen concentration in NILS has the same form as that of the hydrostatic stress distribution. This similarity was reported firstly by Krom et. al (12) for low strain rates.
It can be concluded that increasing the trapping hydrogen concentration enhances the dislocation mobility (16, 17) and therefore increases the amount of plastic strain (see Fig. 7(a) ).
By increasing the plastic strain thereby increasing the density of trap sites (Eq. (10)), the trapping hydrogen concentration is enhanced as Fig. 7(b) . On the other hand the enhanced dislocation mobility causes softening (8) which decreases the yield stress thereby decreasing the hydrostatic stress (see Fig. 6(a) ). Lattice site concentration greatly depends upon the gradient of hydrostatic stress (11) ; therefore, by decreasing the peak of hydrostatic stress, maximum value of lattice concentration is decreasing (see Fig. 6(b) ). . Figure 9 shows the hydrogen concentration in NILS at the end of the loading along the symmetry line for different loading times.
With increasing loading time, the time for hydrogen diffusion increases, the depleted lattice sites which supplies hydrogen into trap sites can be filled again and the peak due to the hydrostatic stress appears. Moreover, by increasing the loading time, the mentioned peak shifts to the right and appears at a further distance from the crack tip. It can be explained by increasing the time of diffusion. At high loading time, the lattice sites which are depleted by trapping are rapidly filled again by hydrogen diffusion and the peak tends to appear at almost the same position of the hydrostatic peak which is shown in Fig. 10 . In other words, at the lower loading time, there is not enough time for diffusion process to deliver hydrogen into further distances and generate the peak at the poison of maximum hydrostatic stress. These results show a good agreement with previous works (12, 20) . As can be seen in Fig. 10 , the hydrostatic stress slightly decreases by increasing the loading time. At higher loading time, the hydrogen concentration in NILS increases (see Fig.  9 ). Higher lattice concentration supplies more hydrogen into the trap sites which enhances the dislocation mobility (16, 17) ; therefore, increasing the softening and decreasing the peak of hydrostatic stress appear. Kotake et al. (20) described that in cyclic loading, hydrogen concentration near the crack tip greatly depends on the loading frequency. These results confirm that the loading time is an important factor in monotonic loading not only in diffusion analysis but also in structural analysis. However, the loading time does not change Vol. 2, No. 4, 2008 neither the hydrogen concentration in traps T C nor the equivalent plastic strain curve significantly (see Fig 11) . As Krom et al. (12) explained, the trap binding energy is very high and the trapping of hydrogen is, however, mandatory for the strain rate dependence. The results of loading time analyses for trapping concentrations show a good agreement with the similar work of Krom et al. (12) and Kotake et al. (20) . 
Summary
Following Kotake et al. (20) , we implemented a coupled hydrogen diffusion-elastoplastic analysis including the effect of hydrogen on material softening in microscale to investigate the effect of loading time on hydrogen diffusion near the blunting crack tip in a 3D model. The hydrogen transport model of Sofronis and McMeeking (11) was used in a three dimensional case. It can be concluded that: (1) While increasing the softening decreases the yield stress and consequently decreasing the hydrostatic stress, the equivalent plastic strain increases thereby increasing the trap site density increases the concentration of hydrogen in trap sites. However, the concentration in NILS decreases due to decreasing the hydrostatic stress. (2) The loading time is an important factor in monotonic loading not only in the diffusion analysis but also in the structural analysis.
